Introduction {#s0001}
============

Phosphodiesterase (PDE) type enzymes are located in multiple tissues and organs of vertebrate systems in mammalian organisms[@CIT0001]. Their essential biological function is to regulate the cytoplasmic levels of intracellular second messengers, 3′,5′-cyclic guanosine monophosphate (cGMP) and/or 3′,5′-cyclic adenosine monophosphate (cAMP)[@CIT0002]. Twenty one different genes promote 11 isoenzymes of the PDE family. Of these enzymes, PDE5 has attracted a special attention over the years after its recognition as being the target enzyme in treating erectile dysfunction (ED) where millions of men suffer from this disease, worldwide. Since the revolutionary discovery of Sildenafil (Viagra^TM^) by Pfizer in 1998[@CIT0005], academic studies as well as clinical and pre-clinical industrial drug discovery programs have been widely carried out for more potent and selective PDE5 inhibitors. Although successful examples exist in the market, such as Tadalafil-Cialis^TM^, Vardenafil-Levitra^TM^ and Avanafil-Stendra^TM^, main hurdle about PDE5 inhibitors has been focused on the circumvention of the undesired cross-reactivity with other PDE enzymes, especially towards PDE6 and PDE11 in the discovery and design studies[@CIT0006]. PDE5 enzymes can be found in diverse tissues in human body in addition to the corpus cavernosum; such as lung, brain, platelets, kidney and liver which raise the physiological importance of this enzyme and in turn leads PDE5 inhibitors as drugs for treating other diseases such as pulmonary hypertension (Revatio^TM^) and Raynaud's disease (Viagra^TM^), as well. This convenient situation marks the possibility of evaluating PDE5 inhibitors in drug repositioning applications as sildenafil is presumably the most important example at this field.

Structural assembly of PDE5 is a homodimer that consists of two regulatory GAF domains (GAF*A* and GAF*B*) which are the allosteric binding regions for the enzyme substrate (cGMP), phosphorylation site (at Ser92 position) which takes role in the activation mechanism of the enzyme and catalytic site located at the C-terminal end of the protein (amino acid residues: 535--860) which contains the divalent metal (Zn^2+^ and possibly, Mg^2+^) binding domain. The mechanism of "PDE5 drug activity" in the corpus cavernosum starts with the competitive binding with cGMP at the active site of the enzyme, intervening the neurotransmitter nitric oxide (NO) mediated sexual stimulation which eventually reverts the smooth muscle contraction via depression of the intracellular Ca^2+^ concentration. On the other hand, PDE6 enzyme is the key effector enzyme for the phototransduction cascade in the rod and cone segments of the retina in the mammalian eyes. It has a function in visual transduction and respond to light via shifting mechanism from its inactivated to the activated states, regulated by its unique "γ-subunit" which is absent among other PDEs[@CIT0029]. Due to the amino acid sequence and the secondary structural similarity of its catalytic domain with PDE5, first-generation PDE5 inhibitors (i.e. sildenafil and vardenafil) are also competitive inhibitors of PDE6. In addition, tadalafil has a better PDE5/PDE6 selectivity as compared to sildenafil and vardenafil[@CIT0021]^,^[@CIT0034]^,^[@CIT0035]. Visual disorders such as functional blindness, blue (cynopsia) and blurred vision and enhanced light sensitivity have been attributed to the cross-reactivity with the PDE6 catalytic site, upon intake of PDE5 inhibitors in patients with ED. Apart from this reasonable basis for the foundation of vision-related side effects by consequence of direct inhibition of PDE6 which is in line with the location/function of PDE6; another hypothesis ascribed these side effects to the reactivity of these drugs targeting to PDE5 isoenzymes that are distributed in tissues other than the corpus cavernosum[@CIT0036]^,^[@CIT0037]. In addition, tadalafil is a dual inhibitor of PDE5 and PDE11 enzymes which is thought to be the reason of back and muscle pain (myalgia) during the treatment of men with tadalafil since PDE11 enzymes are abundantly found in skeletal muscle cells[@CIT0038]^,^[@CIT0039]. Although the catalytic site of PDE11 is the most similar one with PDE5, the absence of crystal structure together with the inadequate knowledge about the physiological role of this enzyme in human body restrict the understanding of the mechanism of the inhibitory activity of this target.

Numerous scientific approaches appearing in medicinal chemistry area cover different experimental techniques along with computer-aided molecular modeling methods in the course of discovering more potent and selective PDE5 inhibitors. Especially, structure--activity relationship (SAR) studies are very helpful where distinct chemical synthesis routes guided by oral bioavailability, solubility, membrane permeability, toxicity, lipophilicity and other pharmacokinetic and physiochemical tests have given rise to novel potent compounds to emerge as PDE5 inhibitors[@CIT0008]^,^[@CIT0013]^,^[@CIT0018]^,^[@CIT0025]^,^[@CIT0040]^,^[@CIT0041]. Scaffold hopping strategies have been implemented in designing structurally different -- in terms of core architecture -- novel compounds[@CIT0009]. An unusual study was conducted by Pfizer in 2008, introducing chirality concept on sildenafil in order to improve PDE5/PDE6 selectivity[@CIT0042]. On the other hand, *in silico* strategies including quantitative structure--activity relationship (QSAR) studies, pharmacophore hypothesis generations, virtual screening along with molecular docking and molecular dynamics (MD) simulations have been emerged as popular techniques in identifying new leads and understanding the key concepts in protein--drug interactions[@CIT0006]^,^[@CIT0017]^,^[@CIT0043].

Since the major challenge in designing novel PDE5 inhibitors is to decrease their cross-reactivity with PDE6 and PDE11, we attempt to identify potent tadalafil-like PDE5 inhibitors that have PDE5/PDE6 and PDE5/PDE11 selectivity as well as preserved principal target activity (i.e. comparable or higher binding affinity for PDE5 enzyme as compared to tadalafil). For this aim, similarity-based virtual screening protocol is applied for the "clean drug-like subset of ZINC database" that contains more than 20 million small compounds. Another outcome of the present work is to illuminate the structural background for high/low binding tendencies to PDE5, PDE6 and PDE11 targets from molecular perspective. In this respect, we implemented step by step procedure in finding active hits as tadalafil-like compounds by combining ligand-based virtual screening (i.e. molecular fingerprint-based protocol) with structure-based modeling techniques (homology modeling, molecular docking and MD simulations). The flowchart of the current study is briefly illustrated in [Scheme 1](#SCH0001){ref-type="scheme"}. Since it is known that current PDE5 inhibitors block hERG1 K channels in concentration dependent manner, the cardiotoxicity prediction of the hit molecules was also tested. Moreover, a novel approach for deriving structure-based pharmacophores (E-pharmacophore) was also applied for the selected hit compounds.

![Flowchart of the current study in the effort for identifying novel and selective PDE5 inhibitors.](IENZ_A_1250756_SCH0001){#SCH0001}

Methods {#s0002}
=======

Ligand and protein preparations {#s0003}
-------------------------------

The crystal structure of PDE5 enzyme (PDB ID, 2H42)[@CIT0055] was used as template protein for homology modeling and protein engineering procedures of catalytic domains of PDE6 and PDE11 targets. Protein preparations were handled with MOE molecular modeling package[@CIT0056] after retrieving the bound-sildenafil and water molecules from PDE5 enzyme. Energy minimizations and conformational search (CS) of the ligands were realized with MMFF94X force field by means of MOE molecular modeling package. Low MD method was utilized in the CS step by generating 50 conformers for each molecule.

Virtual library screening {#s0004}
-------------------------

"Clean drug-like compound library" in the ZINC database (\>20 million compounds)[@CIT0057] was screened via molecular fingerprint and similarity search tools implemented in MOE. Molecular fingerprints of the molecules were computed with MACCS structural keys scheme. Subsequently, Tanimoto coefficient of each molecule in the database was calculated based on the characteristic MACCS structural keys of tadalafil. Tanimoto coefficient is defined as; TC=*N*~AB~/(*N*~A~+*N*~B~−*N*~AB~) where *N*~AB~ represents the number of common MACCS structural key elements between molecule A and molecule B whereas NA and NB are the total number of MACCS structural key elements in molecule A and molecule B, respectively. MACCS structural keys include 166 structural elements that match the corresponding smart patterns in a compound. The applied similarity search strategy lies on an expectation that structurally similar molecules may also show similar biological activities[@CIT0058]^,^[@CIT0059]. A coefficient value of 0.8 (Tanimoto coefficient) was chosen in the filtering step of the database which enabled us to obtain 1309 hit candidates that are further subjected to flexible molecular docking simulations.

Flexible molecular docking simulations {#s0005}
--------------------------------------

GOLD (Genetic Optimization for Ligand Docking, v.5.3.0) program[@CIT0060] was utilized for the docking simulations. Chemscore scoring function was used for generating the predicted binding energies of the ligands within the targets. Ten amino acid residues at the drug binding region of PDE5, PDE6 and PDE11 targets were handled with flexibility by utilizing the rotamer library implemented in the GOLD docking program. Default settings were used for population and genetic operations steps. Early termination was switched-off and 20 docking poses were generated for each molecule.

Molecular dynamics simulations {#s0006}
------------------------------

Gromacs v.4.6.5 package[@CIT0061] was used for the MD simulations. Topology parameters for the ligands were prepared with PRODRG Server[@CIT0062]. Partial charges of ligands were calculated with density functional theory (DFT) by B3LYP/G(d,p) basis set. Gaussian 09 program package[@CIT0063] was used for this calculation. Production stages of the simulations were conducted in isothermal-isobaric ensemble (NPT) at 310 K and 1 atm with periodic boundary conditions. GROMOS96 43A1 force field was used with leap-frog integrator. 2 fs time-step was used in simulations. SPC water model was used to solvate the systems in a cubic box and Na^+^ and Cl^−^ ions were added to the systems as counter ions. Long-range electrostatic interactions were handled with Particle Mesh Ewald (PME) algorithm. Energy minimizations with 5000 steps of steepest descent (SD) method followed by 5000 steps using conjugate gradient (CG) algorithm were performed for apo and holo state systems, using a threshold value of 100 kJ/mol.nm. Subsequently, two-steps restrained dynamics were applied in order to equilibrate the systems to the desired temperature and density: (i) systems were heated in isochoric-isothermal ensemble (NVT) with a total of 0.1 ns simulations until the temperature reaches 310 K; (ii) then 2 ns NPT simulations were applied. Finally, 50 ns MD production runs were carried out without any restraints on atoms in an NPT ensemble. V-rescale temperature coupling scheme and Parrinello--Rahman pressure coupling scheme were used in order to control the temperature and pressure during the simulations, respectively. 5000 frames were collected through the 50 ns production runs for the post-processing MD analyses.

Molecular mechanics generalized born solvation (MM-GBSA) calculations {#s0007}
---------------------------------------------------------------------

Protein--ligand binding free energies of the selected hits as well as tadalafil were estimated using MM-GBSA method, implemented in Prime module of Schrodinger's molecular modeling package[@CIT0064], based on the MD trajectory frames. Prime uses the VSGB 2.0 solvation model and the OPLS2005 force field to simulate the interactions.

Results and discussion {#s0008}
======================

A molecular finger print-based virtual screening is performed for ZINC small molecules database in order to identify novel and potent PDE5 inhibitors. Molecular docking simulations were realized under "*Protein H-bonding Constraint*" (oxygen atom of the invariant Glutamine residues -- Gln817, Gln773 and Gln869 in PDE5, PDE6 and PDE11, respectively -- were enforced to participate in H-bonding interaction with any H-bond donor atom of the ligands) which augment the elimination of mis-docked outcomes. Thus, integration of ligand-based similarity screening protocol with constraint docking method was able to yield reasonable ligand orientations in the active site of the proteins and to analyze crucial active site residues--ligand interactions. [Figure 1](#F0001){ref-type="fig"} points out that the dominant interaction to fulfill the receptor complimentary is the positively charged region (shown with blue meshes) around Gln817, Gln773 and Gln869 residues for PDE5, PDE6 and PDE11, respectively.

![Electrostatic maps of the active sites of the enzymes (left panel). Blue, red and white colours represent positively charged, negatively charged and hydrophobic preferences built at the drug-binding cavity site (near 5 Å distance from the ligand). Tadalafil fulfils the positively charged electrostatic requirement created by the acceptor atom (Oɛ) of the invariant Glutamine side chain in each active sites via carrying a hydrogen-bond donating moiety (--NH) at the amide fragment (namely, *Glutamine Switch*). On the other hand, hydrophobic residues, Phe820, Phe776 and Trp 820, sandwich the ligand (namely, *Hydrophobic Clamp*). 2D ligand--protein interaction diagrams (right panel). Green arrows indicate hydrogen bonding interactions. Green and purple discs show hydrophobic and polar residues, respectively. Representations are created with MOE molecular modeling package.](IENZ_A_1250756_F0001_C){#F0001}

Validation of the docking methodology {#s0009}
-------------------------------------

Tadalafil is retrieved from its crystal-bound enzyme (PDB ID, 1XOZ)[@CIT0065] and docked into the drug-binding region of PDE5, PDE6 and PDE11 targets by GOLD docking program. The ligand RMSD value yielded a value of \<1.5 Å deviation (for PDE5) from its bioactive conformation at the crystal structure which supports the binding pose prediction power of docking methodology employed for the current study. Tadalafil exhibits monodentate hydrogen bonding interaction with invariant Glutamine residues of these enzymes as can be seen in [Figure 2](#F0002){ref-type="fig"}.

![Top docking poses of tadalafil with PDE enzymes. Only polar hydrogens are shown for clarity. Protein residues within 2.5 Å distance around tadalafil are depicted in the figures. Hydrogen bonds between amide hydrogen of tadalafil and Oɛ atom of invariant Glutamine amino acid residue are represented with red dashed lines.](IENZ_A_1250756_F0002_C){#F0002}

Constructing the homology models of the catalytic domains of PDE6 (amino acid residues: 482--816) and PDE11 (amino acid residues: 587--910) {#s0010}
-------------------------------------------------------------------------------------------------------------------------------------------

In the absence of crystal structures of PDE6 and PDE11, homology models of the catalytic domains of these enzymes were constructed based on the available crystal structure of PDE5[@CIT0055] as a template. This crystal structure (PDB ID, 2H42) was chosen as a template because it is not chimerically hybridized or mutated like the other PDE5 crystal structures[@CIT0065]^,^[@CIT0066] in the literature and also it does not have any missing elements[@CIT0067]^,^[@CIT0068]. The amino acid sequence of PDE6 (P16499) which belongs to the α-subunit of a human rod cell and PDE11 (Q9HCR9) were downloaded from Uniprot[@CIT0069], respectively and further used in the sequence alignment procedure. MOE software was used in building the homology models with Amber99 forcefield. BLOSUM62 matrix was used in the sequence alignment step. 10 different homology models were built; the best homology model was selected among the intermediate models according to the Generalized Born/Volume Integral (GB/VI) methodology and further subjected to refinement and energy minimization procedures. The RMSD values between PDE5 and the generated PDE6 and PDE11 are 0.46 Å and 0.90 Å, respectively, based on the Cα atoms. Sequence alignments of PDE5 with PDE6 and PDE11 are provided in the [Supplementary Materials, Figure S1](http://dx.doi.org/10.1080/14756366.2016.1250756). PDE5 enzyme has a sequence similarity and identity of 64% and 42%; 68% and 47% for PDE6 and PDE11, respectively. 3D structures of PDE5 and PDE6 resemble each other except a clear difference in the *β*-hairpin domain of PDE6 (amino acid residues: Q687--M701) and its corresponding residues in PDE5 (amino acid residues: R739--L746) which is also observed in other homology model of PDE6 in the literature[@CIT0047]. The reliability of the homology models is checked by Ramachandran's plot ([Figure S2, Supplementary Materials](http://dx.doi.org/10.1080/14756366.2016.1250756)). All torsional angles of amino acid residues of derived protein models are in either favored or allowed regions except one and three outliers that their torsional angles are slightly away from allowed regions for PDE6 and PDE11, respectively. In addition, the stereochemical qualities of the homology models are checked by *protein geometry report* module in MOE program, carefully, by computing the atom clashes, backbone bond length and angle violations and side chain rotamer outliers (rotamer strain energy cutoff value of 5 kcal/mol). No atom clashes and backbone bond length violations from the expected values (atom--atom pair repulsion energy cutoff value of 0.5 kcal/mol and *Z*-score value \<5, respectively) were reported for the models. Besides, one reported bond angle outlier (D609 for PDE11) and rotamer deviation (M702 for PDE6) are far away from the critical drug-binding cavity which in turn do not effect the docking experiments in the current work. Since the models are well aligned onto PDE5 ([Figure 3](#F0003){ref-type="fig"}), finally Zn^2+^ and Mg^2+^ counterions were embedded to the metal binding sites of PDE6 and PDE11 after overlaying the homology models on the PDE5 structure. Also, the comparison of the contact energy profiles ([Figure S3, Supplementary Materials](http://dx.doi.org/10.1080/14756366.2016.1250756)) are plotted for the models and compared with PDE5 which show correlation with each other.

![Superposition of PDE5, PDE6 and PDE11, illustrated with blue, cyan and red colors, respectively. The counterions, Zn^2+^ and Mg^2+^, are shown with blue circles at the metal binding side.](IENZ_A_1250756_F0003_C){#F0003}

Binding affinity and binding pattern analysis of the hit compounds and tadalafil with PDE5, PDE6 and PDE11 {#s0011}
----------------------------------------------------------------------------------------------------------

More than 20 million compounds were downloaded from ZINC database and these ligands were prepared at physiological conditions. Similarity analysis of these compounds with tadalafil were performed with molecular fingerprint and similarity search tools. At the end of the similarity search, we were able to filter out 1309 tadalafil-like molecules. These molecules were docked into the drug-binding cavities of PDE5, PDE6 and PDE11 in order to check their predicted binding energies at these targets. After completion of docking calculations, 27 molecules were presented, herein, based on their high docking score against the principal target-PDE5 and also their selectivity over PDE6 and PDE11 ([Table 1](#t0001){ref-type="table"}). The common feature of these compounds is that all of them form strong hydrogen bonding interactions with Gln817 in PDE5 except for ZINC23055991, ZINC23183710 and ZINC32995890 compounds. This is due to the absence of polar hydrogens in ZINC23055991 and ZINC23183710. However, they still fitted very well to the substrate pocket in PDE5 (dG.Chemscore = −43.24 and −38.01 kJ/mol for ZINC23055991 and ZINC23183710, respectively) via mostly van der Waals interactions (for ZINC23055991) whereas via H-bonding interactions and π--H interaction (i.e. His613, Tyr612 and Phe786, respectively, for ZINC23183710). On the other hand, ZINC32995890 compound is oriented in such a way that its 1--4 benzodioxine fragment makes a π--H stacking interaction with Leu804 and two π--π interactions by its 1,3-dioxo isoindolin-2-yl fragment with aromatic Phe820 residue. Detailed protein--ligand interaction diagrams of each compound with three PDEs can be found in the [Supplementary Materials, Figure S4](http://dx.doi.org/10.1080/14756366.2016.1250756). All of the molecules occupy the narrow and deep hydrophobic catalytic pockets of the enzymes (volume of around 300 Å^3^); the superpositions of the compounds can be seen in [Figure 4](#F0004){ref-type="fig"}. None of the compounds directly interacts with the metal atoms at the M site which is in line with the identified crystal structures of the PDE5, so far. We have especially focused on two ligands, namely ZINC02120502 and ZINC16031243, due to their high docking scores for PDE5 (−48.79 kJ/mol and −46.40 kJ/mol, respectively) and relatively low predicted binding affinities at the binding cavities of PDE6 and PDE11 targets (−37.16 kJ/mol and −39.43 kJ/mol for ZINC02120502; and −34.96 kJ/mol and −38.49 kJ/mol for ZINC16031243 compounds) as compared to other hits. The key interactions of these two ligands within the target enzyme (PDE5) are summarized as follows: ZINC02120502 makes a π--π and π--H interaction with Phe820 and Val782 residues, respectively and a H-bonding interaction with Gln817 with its NH group within a distance of 2.07 Å ([Figure 5](#F0005){ref-type="fig"}). It is in close contact with Met816, Phe786, Ile813, Leu804, Leu725, Ala779 residues and; Ile665 and Ser 663 on the H-loop site residues via van der Waals interactions. The orientation of this compound at the catalytic pocket of PDE5 resembles to the crystal orientation of tadalafil in many aspects, whereas the top-scored docked poses within the PDE6 and PDE11 differ significantly compared to its orientation in PDE5 and share common conformations and interaction patterns within each other in PDE6 and PDE11. ZINC02120502, is mainly sandwiched by the aromatic ring of Phe776 residue and Val738 via π--H bonding interaction at the binding pocket of PDE6. The other dominant interactions that stabilize the ligand in the substrate binding pocket are the hydrophobic interactions with Leu721, Ile724, Leu671, Val734, Ala723 and also ligand is surrounded by His559, Glu628, Asp720 and Gln731. ZINC02120502 is oriented at the binding cavity of PDE11 as in PDE6, i.e. its terminal alkyl chain, --CH2--CH2--CH--(CH3)~2~-- is pointed towards the metal site and its 4-ethoxy-3-methoxy-phenyl ring is clamped between the bulkier aromatic residue Trp872 (replaced with Phe776 in PDE6) and Val834 (replaced with Val738 in PDE6). The two ligands (ZINC02120502 and ZINC16031243) are mainly stabilized at the active sites of PDE6 and PDE11 by van der Waals interactions where they do not form any hydrogen bonding interactions with the active site residues ([Figure 5](#F0005){ref-type="fig"}). As [Table 1](#t0001){ref-type="table"} clearly demonstrates, all these 27 molecules show either higher or similar predicted binding affinities towards PDE5 as compared to tadalafil; also most of them show some selectivity against PDE6 and PDE11. (Binding scores were calculated by Chemscore fitness function implemented in GOLD Docking Program and Chemscore.dG values were converted to predicted IC~50~ values according to the following formula; Δ*G*~binding~ = RTlnIC~50~ (*T*, 300 K) for the purpose of selectivity comparison.) ZINC16031243 is another compound that has a predicted IC~50~-ratio (PDE6/PDE5) value of 98.16 and predicted IC~50~-ratio (PDE11/PDE5) value of 23.84 with dG.Chemscore (PDE5) value of −46.40 kJ/mol. A close look at the superimpositions of this compound (ZINC16031243) with the proteins ([Figure 5](#F0005){ref-type="fig"}) shows that the crucial residues that stabilize these two compounds (ZINC16031243 and ZINC02120502) at the PDE6 and PDE11 drug pockets are located on the flexible loops of the proteins (namely, H-loop and M-loop) besides the Q pocket residues. The position of each molecule is dramatically shifted from its PDE5 docked pose. The importance of these two loops have also been pointed out by Cahill et al., earlier[@CIT0034]. They proposed that M-loop residues together with its linked α-14 helix ([Figure 5](#F0005){ref-type="fig"}) are mainly responsible for the selectivity of tadalafil (PDE6/PDE5) in a comparative study with vardenafil; whereas Huang et al.[@CIT0047] pointed out that the Q pocket residues, Val782(PDE5)-Val738(PDE6) and Leu804(PDE5)-Met760(PDE6) play a critical role in binding affinity reduction of tadalafil (towards PDE6) as compared to sildenafil and vardenafil. However, it should be emphasized that the docked orientation of tadalafil differs in their generated homology models of PDE6 in these two studies. Moreover, an analysis of the dynamical behaviour of these loops by Zagrovic and Van Gunsteren[@CIT0053] showed a pattern of which they called "loop clamp" in order to explain the approaching of M and H loops to each other upon ligand binding to PDE5. Hence, by the motivation of the understanding of the structural aspects of the PDEs and ligand interactions, we further derived relatively long (50 ns) classical MD simulations trajectories.

![Superposition of 27 selected compounds at the end of the docking simulations.](IENZ_A_1250756_F0004_C){#F0004}

###### 

\(A\) Docked pose of ZINC02120502 at the active site of PDE6. (B) Docked pose of ZINC02120502 at the active site of PDE11. (C) Overlay of ZINC02120502 (tan) onto the crystal orientation[@CIT0065] of tadalafil (blue). (D) Overlay of ZINC16031243 docked poses at the active site of PDE5 (blue), PDE6 (pink) and PDE11 (tan). Protein?ligand interaction diagrams of ZINC02120502 and ZINC16031243 with PDEs (shown in the bottom of the figure).

![](IENZ_A_1250756_F0005a_C){#F0005a}

![](IENZ_A_1250756_F0005b_C){#F0005b}

###### 

Predicted binding free energies (Chemscore.dG) and 2D structures of ZINC compounds against the principal target, PDE5 and off-target enzymes, PDE6 and PDE11 (binding scores are expressed in kJ/mol and calculated by Chemscore fitness function implemented in GOLD Docking Program). Chemscore.dG values were converted to IC~50~ values -- for the purpose of selectivity comparison -- according to the formula; Δ*G*~binding~=~ ~RTlnIC~50~, where *T* is taken as 300 K.

           ZINC Compounds                    Chemscore.dG(PDE5)   Chemscore.dG(PDE6)   Chemscore.dG(PDE11)   Predicted IC~50~ ratio(PDE6/PDE5)   Predicted IC~50~ ratio(PDE11/PDE5)
  -------- --------------------------------- -------------------- -------------------- --------------------- ----------------------------------- ------------------------------------
  **1**    ![](IENZ_A_1250756_ILG0001.gif)   −37.83               −31.30               −34.92                13.71                               3.21
  **2**    ![](IENZ_A_1250756_ILG0002.gif)   −43.96               −36.83               −37.63                17.44                               12.65
  **3**    ![](IENZ_A_1250756_ILG0003.gif)   −42.55               −33.56               −35.76                36.76                               15.22
  **4**    ![](IENZ_A_1250756_ILG0004.gif)   −48.79               −37.16               −39.43                105.93                              42.64
  **5**    ![](IENZ_A_1250756_ILG0005.gif)   −38.99               −31.70               −36.99                18.59                               2.23
  **6**    ![](IENZ_A_1250756_ILG0006.gif)   −37.61               −30.59               −39.00                16.69                               0.57
  **7**    ![](IENZ_A_1250756_ILG0007.gif)   −45.24               −38.76               −36.49                13.44                               33.39
  **8**    ![](IENZ_A_1250756_ILG0008.gif)   −43.12               −38.58               −37.54                6.17                                9.37
  **9**    ![](IENZ_A_1250756_ILG0009.gif)   −38.01               −29.55               −37.96                29.72                               1.02
  **10**   ![](IENZ_A_1250756_ILG0010.gif)   −47.98               −39.31               −39.24                32.33                               33.25
  **11**   ![](IENZ_A_1250756_ILG0011.gif)   −46.40               −34.96               −38.49                98.16                               23.84
  **12**   ![](IENZ_A_1250756_ILG0012.gif)   −43.21               −36.87               −36.05                12.70                               17.65
  **13**   ![](IENZ_A_1250756_ILG0013.gif)   −45.29               −38.80               −40.26                13.49                               7.51
  **14**   ![](IENZ_A_1250756_ILG0014.gif)   −39.22               −32.47               −36.60                14.97                               2.86
  **15**   ![](IENZ_A_1250756_ILG0015.gif)   −36.84               −27.13               −39.64                49.06                               0.33
  **16**   ![](IENZ_A_1250756_ILG0016.gif)   −43.24               −36.50               −38.60                14.91                               6.43
  **17**   ![](IENZ_A_1250756_ILG0017.gif)   −38.01               −30.89               −36.09                17.37                               2.16
  **18**   ![](IENZ_A_1250756_ILG0018.gif)   −37.69               −30.66               −37.68                16.75                               1.00
  **19**   ![](IENZ_A_1250756_ILG0019.gif)   −43.03               −36.01               −38.09                16.69                               7.25
  **20**   ![](IENZ_A_1250756_ILG0020.gif)   −39.30               −32.80               −35.77                13.55                               4.12
  **21**   ![](IENZ_A_1250756_ILG0021.gif)   −36.85               −30.20               −36.81                14.38                               1.02
  **22**   ![](IENZ_A_1250756_ILG0022.gif)   −38.00               −29.48               −34.92                30.45                               3.44
  **23**   ![](IENZ_A_1250756_ILG0023.gif)   −41.49               −36.02               −37.69                8.96                                4.59
  **24**   ![](IENZ_A_1250756_ILG0024.gif)   −39.87               −33.30               −35.83                13.93                               5.05
  **25**   ![](IENZ_A_1250756_ILG0025.gif)   −39.05               −29.85               −37.44                39.99                               1.91
  **26**   ![](IENZ_A_1250756_ILG0026.gif)   −39.56               −33.03               −38.33                13.71                               1.64
  **27**   ![](IENZ_A_1250756_ILG0027.gif)   −43.16               −35.41               −37.4                 22.36                               10.07

MD simulations of apo and holo states of PDE5, PDE6 and PDE11 bound with the selected hit compounds (ZINC02120502 and ZINC16031243) and tadalafil {#s0012}
-------------------------------------------------------------------------------------------------------------------------------------------------

Relatively long MD simulations (50 ns) were carried out in order to understand the structural and dynamical behaviour of the selected hits within the binding pockets of the enzymes. Backbone RMSD values during the whole simulations time show that studied systems did undergo in metastable states mostly after about 10 ns ([Figure 6](#F0006){ref-type="fig"}). Both apo and holo states of PDE5 systems have reasonably converged trajectories at around 3 Å which are slightly lower as compared to PDE6 and PDE11 systems (around 4 Å) which can be expected owing to the construction of the models based on the PDE5 coordinates. It should be noted that, in the case of the PDE11 + tadalafil system, the relative late convergence (around 30 ns) also corresponds to a sudden jump in the ligand RMSD trace due to a ligand conformational change around its one rotatable bond ([Figure 7](#F0007){ref-type="fig"}). The H-bonds that were established during the docking simulations between the oxygens atom of Gln 817, Gln773, Gln869 in PDE5, PDE6 and PDE11, respectively and --NH hydrogen of the common indole rings of the ligands were generally stable during the MD simulations ([Figure 8](#F0008){ref-type="fig"}), except for the ZINC16031243 in its complex with PDE5. In this case, this H-bond was broken at the beginning of the simulation due to the dramatic shifts in the dihedral position of the residue, Gln817. This residue is pointed towards the ligand according to the position of Gln775 and moreover, depends on its orientation whether Gln775 forms an intramolecular hydrogen bond with the donor or acceptor atoms of Gln817, as well. Simulation trajectories were clustered based on the clustering algorithm implemented in UCSF Chimera program (version 1.10.2)[@CIT0070]. Representative frames for the most populated cluster were chosen for each simulation and shown in [Figure 9](#F0009){ref-type="fig"}. Obviously, there is an energetic complimentary between the hydrogen bond network of the protein and the ligand--protein interactions. On the other hand, there is also considerable effect of configurations of water molecules -- surrounded around the ligands -- on the crucial residue--ligand interactions; e.g. the water molecule pulls the oxygen of Gln817 to itself causing a loss of a H-bond between ZINC02120502 and PDE5 during the simulation time ([Figure 9](#F0009){ref-type="fig"}). Besides, another H-bond is formed between Asn661 located on the H-loop and the oxygen of tetracyclic ring of ZINC02120502 in PDE5. It should be noted that the position of Phe820 in PDE5 kept its horizontal position according to the tetracyclic rings of each ligand, during the simulation time. Actually, the mentioned importance of rigid tetracyclic fragments in terms of high inhibition potency towards PDE5 was pointed out earlier[@CIT0071]. Moreover, Asn607 makes a strong hydrogen bonding interaction within a distance of 1.84 Å with the same fragment of ZINC02120502 in PDE6, as well. Although the top docking poses of this compound overlay well within PDE6 and PDE11, the representative frame of ZINC02120502 in the catalytic pocket of PDE11 indicates an orientational change through the simulation time course due to a considerable conformational change in overall protein structure. Specifically, H-loop migrates towards the Q-pocket residues and adopts a one-turn helix and the bend in the α-14 helix also lets the emergence of a H-bond with its Gln869 and indole hydrogen of the ZINC02120505 ([Figure 10](#F0010){ref-type="fig"}). Additionally, the indole ring is sandwiched by Phe838. In the case of PDE6 + ZINC16031243 system, these motile loops are connected each other via an efficient H-bonding interaction via Tyr610 (H-loop) and Tyr816 (M-loop) within a 1.80 Å distance. Also a water molecule constructs a H-bond with Tyr816 which further gives rise to a unique, nearly overlapping conformational state of this part of the protein. These results point out that critical consideration should also be given to the residues on this highly mobile (which was confirmed by RMSF calculations, [Figure 11](#F0011){ref-type="fig"}) structural parts of the proteins (H and M loops) along with the Q pocket residues in terms of designing potent and selective PDE5 inhibitors.

![Traces of protein backbone RMSD (root-mean-squared-deviation) evaluation during the whole production stages of the MD Simulations.](IENZ_A_1250756_F0006_C){#F0006}

![The RMSD evaluation of the ligands during the simulation time.](IENZ_A_1250756_F0007_C){#F0007}

![Traces of hydrogen bonding interactions throughout simulation time (*x* and *y* axis represents the simulation time and distances between O? atoms of Gln817 (PDE5), Gln773 (PDE6), Gln869 (PDE11) and indole fragments hydrogen in the ligands, respectively). Color codes: orange: PDE5 + ZINC16031243; purple: PDE11 + tadalafil; blue: PDE5 + ZINC02120502; red: PDE5 + tadalafil; green: PDE6 + tadalafil.](IENZ_A_1250756_F0008_C){#F0008}

![Simulated structures of ZINC0210502 and ZINC16031243 at the substrate pockets of PDE5, PDE6 and PDE11.](IENZ_A_1250756_F0009_C){#F0009}

![Overlay of docking pose (blue) and representative structure of ZINC02120502 (white) in the catalytic pocket of PDE11.](IENZ_A_1250756_F0010_C){#F0010}

![Root-mean-square fluctuation (RMSF) values per residue during the MD simulations.](IENZ_A_1250756_F0011_C){#F0011}

MM-GBSA calculations {#s0013}
====================

Predicted binding energies of the selected compounds as well as tadalafil are calculated by MM/GBSA calculations. [Table 2](#t0002){ref-type="table"} summarizes the derived results. Results verify higher predicted binding affinities of the selected hits from screening compared to tadalafil. Moreover, PDE5/PDE6 and PDE5/PDE11 selectivity profiles of these compounds are similar or higher than tadalafil.

###### 

Comparison of protein--ligand free energy results of tadalafil with selected hit compounds using MM/GBSA calculations.

  Targets/compounds      Δ*G*~MM/GBSA~ (kcal/mol)   Selectivity ratio
  ---------------------- -------------------------- -------------------
  PDE5 + tadalafil       −89.23                      
  PDE6 + tadalafil       −75.63                     1.18
  PDE11 + tadalafil      −88.31                     1.01
  PDE5 + ZINC02120502    −130.48                     
  PDE6 + ZINC02120502    −116.41                    1.12
  PDE11 + ZINC02120502   −110.20                    1.18
  PDE5 + ZINC16031243    −113.29                     
  PDE6 + ZINC16031243    −102.52                    1.11
  PDE11 + ZINC16031243   −101.05                    1.12

hERG K^+^ ion channel activity of the compounds {#s0014}
===============================================

hERG (*KCNH2 or Kv11.1*) is the name of a gene that encodes the α-subunit of a voltage-gated potassium channel. hERG channels are expressed in various types of tissue and cell types such as heart muscles, brain and retina. Its topology consists of six transmembrane α-helices (S1--S6) where S5 and S6 helices form the channel inner cavity and S1--S4 helices constitute the voltage sensing domain. The function of the channel is to permeate potassium cations across the cell membrane via its unique selectivity filter (SVGFG). Since the inhibition of the potassium current by direct binding of the drugs at the central cavity causes abnormalities in the cardiac action potential[@CIT0072] which may further lead long QT prolongation (LQTS), many drugs have been withdrawn from the drug market over the years or their usage has been restricted[@CIT0073]. It was shown that tadalafil also inhibits the hERG channel by concentration dependent manner with an IC~50~ value of 100 μM[@CIT0074]. In this study, for docking calculations, we used the refined structural models of hERG1 in different conformational states that were generated previously by our group and have been extensively validated in experimental and theoretical studies[@CIT0075]. Accordingly, we report the *in silico* activities of the compounds with the channel ([Table 3](#t0003){ref-type="table"}). ZINC02120502, ZINC16031243 and tadalafil show similar predicted binding affinities at the central cavities of the hERG K^+^ channel model.

###### 

Predicted binding affinities of the selected compounds within the hERG K^+^ channel. Each compound was docked into the central cavities of the channel by GOLD docking software with Chemscore fitness function. Dockings were realized by considering the two known conformational states of the channel. OS and OIS states stand for the open and open-inactivated states. dG.Chemscore values are expressed in kJ/mol. Tadalafil and the two selected potent and selective PDE5 inhibitor compounds, ZINC02120502 and ZINC16031243 are shown in bold in the table.

  Compounds          dG.Chemscore   dC.Chemscore
  ------------------ -------------- --------------
  **Tadalafil**      **−32.22**     **−48.72**
  ZINC00490454       −34.97         −39.74
  ZINC02092043       −35.76         −47.82
  ZINC02093785       −32.8          −46.75
  **ZINC02120502**   **−35.04**     **−47.32**
  ZINC03024615       −29.46         −38.31
  ZINC03024617       −33.34         −46.48
  ZINC08204637       −32            −47.9
  ZINC11692256       −34.06         −43.99
  ZINC12360812       −32.71         −41.98
  ZINC15955458       −36.54         −53.43
  **ZINC16031243**   **−35.12**     **−47.06**
  ZINC16042566       −32.95         −40.86
  ZINC16043001       −40.52         −53.84
  ZINC19020327       −30.57         −42.01
  ZINC21986065       −29.05         −42.83
  ZINC23055991       −35.17         −45.54
  ZINC23183710       −33.42         −38.81
  ZINC24891165       −30.73         −39.23
  ZINC26772005       −37.63         −41.57
  ZINC29158966       −34.38         −41.1
  ZINC32995888       −33.84         −43.22
  ZINC32995890       −32.06         −43.31
  ZINC36055139       −34.8          −53.11
  ZINC36210867       −35.18         −49.36
  ZINC40146722       −32.34         −44.02
  ZINC44448076       −37.69         −44.14
  ZINC44448130       −36.76         −45.99

E-pharmacophore studies {#s0015}
=======================

The structure-based pharmacophore modeling (E-pharmacophore) uses advantages of both ligand -- and structure-based approaches by deriving energetically optimized structure-based pharmacophore models. For this aim, representative conformer from MD simulations of one of the selected hit compounds (ZINC02120502) is used for E-pharmacophore studies. Six-sited (RRRHHH) hypothesis was found as top-scored pharmacophore model. These main interactions were aromatic rings (labeled as "R") and hydrophobic interactions (labeled as "H", [Figure 12](#F0012){ref-type="fig"}). The RRRHHH hypothesis is then used for ligand screening of Otava Drug-like Green Collection (around 176000 compounds) using Glide/SP docking protocol from Schrodinger's Maestro molecular modeling package[@CIT0086] and top-1000 scored compounds were collected. Compounds that show high docking scores and high fitness scores are also shown in [Figure 12](#F0012){ref-type="fig"}.

![(Top) Derived top-scored six-sited (RRRHHH) E-pharmacophore model; (bottom) 176 000 compounds from Otava small-molecules database are screened against derived pharmacophore model and top-1000 compounds that have high Fitness scores with these sites are then docked at the PDE5 binding pocket using Glide/SP (standard precision). Compounds that show high docking scores as well as high fitness scores are shown in the figure. 2D ligand interaction diagram of selected Otava compound (1094821) is also represented in the figure.](IENZ_A_1250756_F0012_C){#F0012}

Conclusions {#s0016}
===========

In this study, the similarity-based virtual screening protocol is applied for the ZINC small molecules database that contains more than 20 million small compounds. Based on Tanimato coefficient values, 1309 molecules from this database showed 80% or more structural similarity with the PDE5 inhibitor tadalafil. These compounds are then docked in PDE5 as well as structurally similar other isoforms PDE6 and PDE11. Results showed that 27 compounds have high predicted binding affinities towards the principle target, PDE5. Especially two hits (ZINC02120502 and ZINC16031243) from 27 compounds represented some selectivities against PDE6 and PDE11. Thus, these two compounds as well as tadalafil are used in classical MD simulations and post-processing MD analyses which showed some insights about their structural and dynamical behaviors at the studied targets. Finally these hits are also tested at the hERG K^+^ channel models in order to predict their possible cardiotoxicity side effects. Selected two hits showed similar predicted binding affinities at the hERG channels with tadalafil. Moreover, a structure-based pharmacophores (E-pharmacophore) study was also applied for the selected hit compounds. Results of this study can be useful for designing of novel, safe and selective PDE5 inhibitors.
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